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Abstract

We review recent advances in the development of colloidal
fluorescent semiconductor nanocrystals (a class of quantum
dots) for biological labeling. Although some of the
photophysical properties of nanocrystals are not fully
understood and are still actively investigated, researchers
have begun developing bioconjugation schemes and
applying such probes to biological assays. Nanocrystals
possess several qualities that make them very attractive for
fluorescent tagging: broad excitation spectrum, narrow
emission spectrum, precise tunability of their emission
peak, longer fluorescence lifetime than organic fluorophores
and negligible photobleaching. On the down side, their
emission is strongly intermittent ("blinking”) and their size
is relatively large for many biological uses. We describe
how to take advantage of nanocrystals’ spectral properties
to increase the resolution of fluorescence microscopy
measurements down to the nanometer level. We also show
how their long fluorescence lifetime can be used to observe
molecules and organelles in living cells without interference
from background autofluorescence, a pre-requisite for single
molecule detectability. Finally, their availability in multicolor
species and their single molecule sensitivity open up
interesting possibilities for genomics applications.

Introduction

Fluorescent semiconductor nanocystals (NC) properties and
applications stands amongst the most exciting research
fields in chemistry, physics and biology [1-5]. Their
development results from an increasing emphasis put on
miniaturization in semiconductor physics. The first step
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towards nanometer scale happened in the field of layered
semiconductor materials, known as heterostructures. In
these two dimensional (2D) geometries [6], the epitaxial
growth of precise atomic layers with controlled composition
using molecular beam epitaxy [7-9] (MBE) allows to shape
and manipulate electronic wavefunctions in the solid at will,
giving rise to rich phenomena such as resonant tunneling,
integer and fractional quantum Hall effects, quantum
confinement, efficient lasing and many more (1973, 1985
and 1998 Nobel Prizes in physics) [10]. The concept of
quantum confinement by band-gap engineering of
heterostructures was then extended to lower dimensions
(1D and OD) [11]. In the last two decades, we have
witnessed tremendous progress in the ability to synthesize
quantum wells [12,13], wires [14] and dots [15,16] with
high-speed, high-efficiency electronics and optoelectronics
devices (information technology) being the main drive.

Quantum confinement arises when one of the
dimensions L of the object becomes of the order of the
exciton Bohr radius:

L = K "
ex mexez

were k is the semiconductor permittivity, m,, is the reduced

exciton mass, and e the electron charge (for example, ac,

=7 A, ag = 100 A and ag,e, = 56 A).

The most useful outcome of quantum confinement for
the applications discussed in this paper is the discretization
of the energy levels at the edges of the conduction and
valence bands upon dimensional reduction. The first
controlled synthesis and systematic studies of nanometer
size semiconductor crystals in all three dimensions were
performed by Ekimov and Efros [17, 18]. They studied
quantum dot inclusions that were embedded in an
insulating glass matrix. The same types of material were
used long ago, at least since the Middle-Age, in stained
glass windows decorating churches with multicolor
ornaments. Ekimov’s sample was the first to exhibit the
quantum-confined blue shift of the first absorption (exciton)
peak, varying as a2 (a being the nanocrystal radius) [17].
Solving the effective Hamiltonian for a spherical geometry,
Efros and Efros computed the electron and hole energies in
such a sphere and found a series of discrete lines,
recovering the a2 dependency observed in the experiment
[418].

Another route to the synthesis of OD semiconductor
structures was explored by several groups, who developed
methods for obtaining colloidal particle by diffusion-limited
growth in solvents [19-22] (for a review, see ref. [2]). These
studies were partly motivated by the mid-seventies energy
crisis, which renewed the interest for devices capable of an
efficient utilization of solar energy. Colloidal suspensions of
semiconductor nanocrystals looked as promising electron or
hole donors (catalysts), due to their large surface area to
volume ratio [19-21, 23-25]. A side product of these works
was the exploration of their luminescent properties, and in

particular the relationship between nanocrystal size and
fluorescence properties [19,20,22,26]. Continuous
improvements have since then been reported [27-31], with
a major advance being the addition of different composition,
concentric heterostructure layers to the original "core”
particle, a concept that was borrowed from "band gap
engineering” developed for 2D MBE epitaxial growth [28,
32-36]. This kind of research eventually took preeminence
in the field, yielding to today’s applications in fluorescent
biological labeling [37-42] and possibly tomorrow’s
applications in tunable lasers [43] and flat panel displays
[44-46].

Fluorescence of semiconductor nanocrystals is due to
the radiative recombination of an excited electron-hole pair.
The resulting ensemble emission spectrum consists mainly
of a narrow Lorentzian band, 30-40 nm full width at half
maximum (FWHM) slightly Stokes-shifted with respect to the
excitation band edge. The absorption spectrum, on the
other hand is very broad, and contains quantum
confinement features. Both excitation and emission depend
on the nanocrystallite size. These spectra are blue-shifted
as the nanocrystal diameter is reduced, due to the increase
in exciton binding energy. Depending on the material, their
spectra can be continuously tuned from the UV-blue (ZnS
[47], ZnSe [48]) to near infrared (CdS/HgS/CdS [32, 49],
InP, InAs [50, 51]) through the visible (CdE, with E = S, Se,
Te [29,52]).

This paper briefly reviews the synthesis and the
important photophysical properties of fluorescent
semiconductor nanocrystals, which are of interest for their
use as biological probes. We describe two applications
developed in our lab, multicolor imaging and ultrahigh
resolution colocalization that take advantage of these
unique photophysical properties. Finally, we review recent
examples of biological applications.

Nanocrystal Synthesis

Core Synthesis

Synthesis of semiconductor nanocrystals was initially
performed by precipitation from a solution containing the
metal ion (Ag, Hg, Pb, Zn, Cd, In) by a hydroxide of S, Se, Te
or P, followed by the addition of colloid stabilizers [19,20,
22]. Further progress involved inverse micelle synthesis
[27,28] leading to pure and stable powders of organically
capped nanocrystals [2]. A further improvement involves
high temperature (300 °C), surfactant synthesis starting
from dimethyl-cadmium precursors in trioctylphosphine
oxide (TOPO). The results are highly monodisperse
nanocrystals [29,52]. Recently, a simpler synthesis has
been devised using less toxic and reactive cadmium oxide
precursors that should allow scaling up the process [53,
54]. The liquid phase is provided by a surfactant (TOPO),
which is used together with trioctylphosphine (TOP) to coat
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the growing crystallites and prevent their aggregation, as
well as limit the dissolution of smaller nanocrystals in favor
of larger ones (a process known as Ostwald ripening). The
nanocrystallite’s size is monitored by removing aliquots of
the reaction and checking the absorption spectrum edge,
which is a direct signature of the size of the particles [52].
The growth is stopped by cooling down the reaction vial.
NCs are then further precipitated to improve their size
distribution, and can be dissolved in solvents like butanol,
toluene or other non-polar solvents. Particles synthesized
this way can have very narrow size distributions, on the
order of a few % as shown by high resolution transmission
electron microscopy (TEM) [29].

High resolution TEM also shows that these NCs are
made of a few hundreds to a few thousands atoms [55], i.e.
the surface atoms contribute a non-negligible amount of the
total mass. This is where defects are most easily created,
and were electrons or holes can be trapped by local
potentials.

Shell Synthesis

The quantum yield of "core” NCs is of the order of a few
percents only, a rather low value compared to standard
organic dyes. The solution borrowed from band gap
engineering developed for quantum well heterostructures [6-
8], consists in passivating the surface defects (dangling
bonds) by growing a lattice-matched, higher band-gap
material on top of the nanocrystal core [28, 32,33,35,36].
This "shell” layer serves a double purpose: it eliminates
core surface traps and it confines the excitation into the
core. CdS (E, = 2.49 eV) [36] and ZnS (E, = 3.8 eV) [34,
35] are used as shells for CdSe cores (E, = 1.75 eV at 300
K). CdS is better lattice-matched to CdSe, but ZnS has a
larger band offset [56] and better confinement. Growing a
small shell on top of the core dramatically increases the
quantum yield, up to values of ~80 %, although more typical
values fall around 20-50 %. In addition, the spectra of these
"core-shell” NCs are slightly red-shifted with respect to
those of the original core NCs due to leaking of the exciton
wave function into the shell. Larger shells, however, tend to
create strains which reduces the quantum yield.

Solubilization via Silanization

As prepared according to the previous protocols, core and
core-shell NCs are soluble in non-polar solvents only. TOPO
molecules that are used to prevent aggregation of NCs
during synthesis indeed have their aliphatic chains facing
the exterior, giving rise to a hydrophobic behavior.

One way to solubilize NCs in water consists of removing
the TOPO molecules and replacing them with a linker, which
is hydrophobic on one end and hydrophilic on the other.
Derivatives of silanes have these combined properties: thiol
derivatized silane can be used to prime the surface and
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form an initial thin layer of silane. Other silane reagents,
like aminopropyl-silanes (APS) or phospho-silanes can then
be polymerized on top of it via well established silane
chemistry. The resulting particles have mercapto (SH) and
phosphate groups (PO,-) or amino (NH,), groups facing the
solution. This ensures solubilization in aqueous buffer and
allows further functionalization [37,57,58]. The overall
process also leads to polymerization of a silica-like layer
around the core-shell NC [37,57,59]. While this protocol
has negligible effect on photophysical properties, it
significantly enlarges the particles and introduces extra
charges on their surface. These charges are useful to
prevent aggregation of the nanoparticles. On the other
hand, they set an upper limit to the ionic strength of the
buffers in which they remain stable and could possibly lead
to significant non-specific binding. The size increase may
also impede targeting the NCs into crowded nanometer-size
cellular compartments. Lastly, the very slow hydrolysis of
the silane layer eventually leads to partial precipitation of
the NCs, limiting their shelf lifetime.

Other solubilization protocols have been and are still
developed. Some of them use thiol (-SH) groups to attach
molecules having a carboxyl group (-COOH) available to face
the aqueous solution [38,39,60,61]. However, the
corresponding link is dynamic, leading to a reduced long-
term stability of the nanocrystals. Slow oxidation of the NCs
is also possible, degrading their spectral properties.

In summary, solubilization of NCs in aqueous buffer is a
domain where much progress is to be expected in the
future.

Limiting Photophysical Properties

Undesirable photophysical properties put bounds on the
performance of NCs in biological experiments. The most
demanding applications will most probably require single NC
detectability. Single molecule spectroscopy is therefore the
most informative and the tool of choice to reveal the
fundamental limitations of this technology. More detailed
exposition of NCs photophysics, can be found in recent
reviews [2-5].

Emission Spectrum and Spectral Jumps

The ensemble emission spectrum of nanocrystals is rather
narrow (30-40 nm) compared to that of standard dyes (see
Fig. 1). Also, it is very symmetric, in contrast to conventional
dyes that suffer from a long IR vibronic tail. This width
actually hides the true atomic-like nature of NCs due to
inhomogenous broadening. The homogenous linewidth can
only be revealed by single molecule spectroscopy. At
cryogenic temperatures, one observes very narrow individual
NC emission spectra (width of a few nm or less), with
distinguishable longitudinal-optical (LO) phonon side-lines
(Fig. 1).
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Fig. 1. Emission spectra. a, b:
Emission spectra of CdSe/CdS
core-shell nanocrystals at low
temperature (15 K) and room
temperature (300 K),
respectively (intensity: 1
kW/cm?, integration time: 60
s). The plain curves correspond
to spectra of individual
nanocrystals, whereas the
dashed curve correspond to
bulk spectra. Peak: 2.1 eV =
590 nm. At this wavelength, a
width of AE = 1 meV
corresponds to AL = 0.3 nm.

Reproduced from ref. [67] ¢:
Absorption (violet, blue) and
emission (green, red) spectra of
two different diameters
CdSe/ZnS core-shell
nanocrystals, showing the blue

shift of both kind of spectra due to quantum confinement of the exciton upon size reduction. d: Photograph of nanocrystal
batches of different emission spectra (i.e. diameters) simultaneously excited with a handheld UV lamp (340 nm). From left to
right: 490, 514, 575, 588 and 620 nm. The green and red vials correspond to the spectra shown in c.
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Fig. 2. Successive zooms of a
blinking time trace. Emission
intensity of a single CdSe/ZnS
nanocrystal excited with a
pulsed laser (rep rate: 4.75
MHz) at 460 nm and 1 uW of
incident power (x100 oil
immersion objective, NA = 1.3)
over a period of 10 minutes.
Photons were recorded using
an avalanche photodiode,
whose TTL pulses were
recorded by a counting board

(see ref. [42, 78] for details on
the acquisition setup).
Photocounts binning of 1 s
allows an overview of the whole
time trace. Zooming on shorter
time windows (60 s, 6 s, 600
ms) allows smaller binning
intervals to be used (100 ms,
10 ms and 1 ms, respectively).
The same intermingling of on
and off states is visible at all
time scales.
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The broadening of the ensemble spectrum is partly due to
the size dispersion inherent to the synthesis (inhomogenous
broadening) and partly due to spectral jumps (homogeneous
broadening). By monitoring an individual NC’s spectrum at
cryogenic temperatures over several minutes, Empedocles
et al discovered shifts of the main peak position ranging
from a fraction of a nanometer to several nanometers [62],
an observation reproduced under 2-photon excitation [63].
These spectral jumps are likely due to local changes in the
NC’s environment (or for that matter, on its surface),
illustrating again its similarity to molecules, for which these
characteristics have been documented [64,65]. Gathering
all the recorded emission peaks positions into a histogram
recovered the ensemble spectrum.

An interesting consequence of these jumps is that the
line width of each individual QD is integration-time
dependent, and somewhat more surprisingly, excitation
power dependent [66], pointing to a photo-excited
mechanism that underlies this phenomenon [67].

Intermittency

More of a surprise, but another illustration of the atomic-like
nature of NC is the phenomenon of blinking, first described
by Nirmal et al. [68] and rationalized in terms of Auger
ionization by Efros and Rosen [69]. This phenomenon is
readily observed with a standard fluorescence microscope
looking with bare eyes at a diluted solution of NCs spread
over a glass coverslip. Individual, bright diffraction-limited
spots alternating between an emitting state ("on” or
"bright” state) and a non-emitting state ("off” or "dark”
state) can easily be observed. This is a very convenient
signature of single NC, as this behavior is completely
cancelled out when an aggregate of several NC is examined
(due to simple statistical considerations).

It is worth looking in more detail to the corresponding
intensity fluctuations of a single nanocrystal (Fig. 2),
recorded with a single-photon counting detector (avalanche
photodiode, APD). The same pattern of on and off times
was observed, regardless of the integration (observation)
time: the on/off structure of the trace is self-similar [70,
71]. This phenomenon points to a problem in the definition
of the quantum yield for a single NC, since it is usually
understood that the molecule is in an emitting state [72].
The averaged (observed) ensemble quantum yield is in fact
underestimating that of the bright periods, due to their
contamination at all time scales by dark periods. If
embedded in a protective polymer layer
(polymethylmethacrylate, PMMA), NCs can in fact be
observed without any noticeable sign of bleaching for up to
hours (the limiting factors are the thermal drift of the setup -
which puts the NC out of focus — and the large data files
generated by such acquisitions) ! The same NC can be
repeatedly observed over hours, probably emitting billions of
photons. Some of the NCs may eventually become non-
emitting, but since very long off time cannot be excluded,
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and some experiments have shown puzzling recovery effects
[73], it may still be premature to speak of photobleaching.

On/Off Time Distributions

A statistical analysis of the on and off times at low
temperature shows two effects: one thermal and one
related to the excitation intensity [67]. At higher intensity,
nanocrystals tend to switch into the off state more often,
the averaged off time duration remaining approximately
independent of intensity. This can be rationalized by the
following Auger ionization model proposed to explain the
dark state in nanocrystals [69]: upon each photo-excitation,
an electron-hole pair (exciton) is created. In general, it will
recombine and emit a Stokes-shifted photon after a typical
lifetime of a few dozens nanoseconds. But at high excitation
intensity, there is a chance that another electron-hole pair
will be created. In general, these extra electron-hole pairs
will recombine non-radiatively in several tens of picoseconds
[74], but sometimes this recombination will eject one of the
carriers of the first pair (say, the electron) by momentum
transfer, which might end up being trapped at a surface
defect or ejected from the dot (Auger ionization process). As
a result, a lone carrier (here a hole) remains in the dot,
causing newly formed electron-hole pairs to non-radiatively
recombine and leave another lone carrier behind. In some
cases, an inverse process can occur either by re-injection of
the ejected carrier or by a second ionization that effectively
neutralizes the NC (Auger recombination process). In both
processes, an increase in off states occurrences is
expected at higher excitation intensity: i.e. NCs blink more
at higher excitation power.

Interestingly, the distribution of off times is not
exponential as would be expected for a thermally controlled
deactivation process [68,75], but instead follows a power
law dependence with extremely long off times [70,71].
Blinking sets a severe limitation on single NC biological
experiments such as tracking and motility assays. It also
has noticeable effects in more classical microscopy
experiments as shown below.

Correlation Between Spectral Jumps and
Blinking

A correlation between spectral jumps and blinking was first
observed by Neuhauser et al. at low temperature [76]. The
same phenomenon is observed at room temperature as
illustrated in Fig. 3. In Fig. 3a, a sample of spin-coated
single nanocrystals was raster-scanned using a custom-
made confocal microscope [42]. For each position of the
sample, a full emission spectrum is recorded (200 nW
incident power (380 W/cm?), 100 ms integration time).

The lines indicated in Fig. 3a are converted to spectra
plotted vs. time in Fig. 3b and c: for each pixel in a line
scan we obtain a color-coded spectrum that is stacked
vertically.
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Fig. 3. Spectral jumps and blinking at RT. A
mixture of different CdSe/ZnS NC batches
was scanned using a piezo-scanner and
excited with a continuous wave (CW) Argon ion
laser at 488 nm and 200 nW of incident
power (x100 oil immersion, NA = 1.4). For
each scanner position, a full spectrum was
recorded by an intensified camera as
described [42: 78], Figure a shows part of
this scan (pixel size: 23.4 nm, integration per
pixel: 100 ms) centered around a single NC
emitting at 620 nm. Figure b and ¢ show a
false color representation of the spectra
recorded along to successive segments
indicated in Figure a (red, yellow and blue
correspond to high, medium and low count
respectively). Along each segment scan, which
takes approximately 3 s, the nanocrystal
maps the excitation point spread function
(PSF), so that the total intensity first increases
to reach a maximum at ~ 1.5 s and decreases
afterwards. Superimposed to this intensity
modulation, are clear blinking events (blue
background), which are accompanied by slight
spectral drift or clear spectral jumps. The time
resolution of the experiment does not allow to
decompose the drifts in series of jumps that
probably occur at much shorter time scale.

Fig. 4. Influence of environment. Yellow
CdSe/ZnS NCs were observed using a total
internal reflection excitation setup allowing
simultaneous observation of several individual
NCs under controlled environment. Excitation:
1 mW, 488 nm CW Argon ion laser, x63 water
immersion objective (NA = 1.2). Detection:
intensified camera, integration time: 100 ms.
Panels a through ¢ show three different type of
behaviors observed for different NCs in the
same field of view during a 33 s time window,
comprised of two sequences: during the first ~
15 s, NCs spin-cast on a quartz coverslip were
flushed with dry nitrogen; the last ~ 15 s
correspond to a humid nitrogen atmosphere
obtained by letting the N, flow bubble in
distilled water. The crossed area indicates
fluctuations in intensity and focus subsequent
to the flow switch. a: Decrease of the dark
state duration, b: No marked changes, c:
Increase of the dark state duration. We note
that this latter case could also correspond to
a genuine “bleaching” of the NCs observable
in the absence of environment change.
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Some spectra that show up in background color correspond
to regions of the image away from the nanocrystal, whereas
some others correspond to off states of the studied NC.
The two selected lines show clear blinking correlated with
spectral shifts and/or jumps. These spectral jumps have
amplitudes of a few nm. This phenomenon has to be very
carefully taken into account in single molecule multiplexed
assays for correct spectral assignment of adjacent NCs. In
fact, this correlation between spectral jumps and blinking
can serve as a criteria for the detection of a single NC.

Environment

The photophysical properties of NCs are also strongly
dependent on the local environment. Fig. 4 (and
Supplementary Material) illustrates the influence of humidity
on individual NCs emission. Interaction of water molecules
with NCs surface has already been shown to influence the
quantum yield of CdSe monolayers on the ensemble level
[77]. Here, a sample of spin-coated NCs was mounted in a

Green

, Red Blue
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chamber and observed by total internal reflection (TIR)
fluorescence microscopy using an intensified CCD camera.
In the first part of the measurement, dry nitrogen was flown
into the chamber. In the middle of the sequence, the
nitrogen flux was forced to bubble through water, thus
yielding a humid nitrogen atmosphere.

As can be observed from 6 different nanocrystals
chosen at random, the increased humidity may have a
dramatic effect on the emission of some nanocrystals (case
a and c), whereas others seem unaffected by the change in
environment. This observed diversity illustrates the power of
single molecule spectroscopy to distinguish different
subpopulations that are mixed up in ensemble
measurements [77]. This very crude observation stresses
that one should be prepared, in dealing with biological
environments, to experience drastic changes in the
photophysics of NCs, depending on their local environment.
On the other hand, NCs could be devised as very useful
indicators of their biological surrounding (that is, when we
know enough about environmental effects).

Fig. 5. Nanocrystals multicolor
imaging. a: 3 x 3 LLm’ scan of a
mixture of four NC samples
(ensemble peak emissions: 540,
575, 588, and 620 nm) obtained
as described for Figure 3 (pixel
size: 23.4 nm, scale bar: 1 [1m).
Orange b: Individual nanocrystal spectra

38 —1
—

Counts (x 10%)

5+ ///"\\\‘

taken at spot 1 and 2 on image
a. Digitally defined spectral
bands used to construct image a
are indicated with their
respective false color hue.
Spectrum 1 exhibits two peaks
indicating the presence of two
colocalized nanocrystals. c:

/ Spectra corresponding to band 1

S~

indicated on image a. The two

T T
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o_.__-&——f—‘l/
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PSFs corresponding to the two
distinct nanocrystal identified in
spot 1 are recovered, with the
additional information on their
respective position (here along
the x axis): in this specific case,
they are colocalized. d: Spectra
corresponding to band 3
indicated on image a. A wider
band has been used to improve
the signal-to-noise ratio. Three
spectrally overlapping PSFs are
distinguishable because of their
clear separation along the x axis.

T T T T
580 600 620 640 660
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Fig. 6. Ultrahigh resolution
colocalization of individual
nanocrystals. Mixture of green (Em:
540 nm) and red (Em: 620 nm)
NCs excited at 488 nm (excitation
power: 200 nW incident or 320
W/cm? peak irradiance, integration
time: 50 ms). a, b: Green and red
channel images of a 1 x 1 un?
scan obtained by raster scanning
the sample through the fixed
excitation PSF and recording the
respective signals on two different
APDs (pixel size: 50 nm, scale bar:
200 nm). As visible from the
intensity profiles along two
orthogonal lines passing through
the PSF’s centers, the count rates
are similar in both channels. Black
curves indicate the corresponding
cross-sections of the fitted PSFs. c:
Overlay of the two channels with
indication of the determined PSF’s
centers. d: Bootstrap replica of the
data sets were fitted in order to
estimate the uncertainty of the
position determination. [84] The
figure shows the histograms of the
fitted centers distribution obtained
from 1000 simulations. The
measured distance is 25 nm with a
corresponding uncertainty of 13 nm
(95 % confidence limit).

Fig. 7. Cell Staining. Silanized NCs
were added to the growth medium
of mouse 3T3 fibroblasts overnight.
The medium was then replaced by
fresh medium and cells were
observed rapidly at room
temperature. Overlay of a
transmitted light picture of a
representative field of view, and the
corresponding fluorescence image
(mercury lamp illumination, adapted
color filter set). The localization of
the bright nanocrystals spots is
under investigation.
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Taking Advantage of NCs Properties:
Multicolor Imaging and Ultrahigh-
resolution Colocalization

The properties of NCs can be exploited in unique ways.
Below we review several novel methodologies that were
developed in our lab.

A detailed description of the custom-made microscopes
used in these studies is given elsewhere [42, 78, 79].

A single excitation line is sufficient to excite different
NCs above their band edge and have them all emit at their
respective wavelengths. This has the obvious advantage
that one does not have different chromatic aberrations in
the optics of the excitation path, nor does one have to align
different excitation beams. We use a stage-scanning
confocal set-up with the excitation beam fixed on the optical
axis. Nanometer-accuracy positioning is provided by a
closed-loop piezo-scanner. An oil-immersion, high NA
objective serves both for excitation and collection of the
emitted light (epi-illumination).

The simplest detection path we use is composed of two
single-photon counting APDs. The signals are spectrally
separated using dichroic mirrors and emission filters. While
scanning, two separate data sets are recorded
simultaneously, and since they result from emission from
the same exact point in the sample, they are in perfect
registry. The advantage of this configuration is a very high
sensitivity and time resolution (in the ns range).

A second type of detection is selected when the number
of spectral channels to be monitored is larger than two. This
is done by flipping a mirror and redirecting the collected
photons to a different path. It would indeed be quite
inconvenient to separate multiple colors with multiple
dichroic mirrors and detect them with multiple APDs.
Instead, the detected photons are dispersed with a
Brewster angle prism and imaged onto the photocathode of
an intensified CCD camera. The resulting data set consists
of a series of spectra, one for each scanned pixel. The
temporal resolution of this system is limited to 1 ms, but
the noise level and the reduced signal due to the spectral
dispersion set a practical limitation of about 50 ms for NC
imaging.

Nanocrystal Multicolor Imaging

The narrow emission of NCs permits the preparation of
mixture of several NC batches with distinct ensemble
spectra. It seems natural to look at the recorded data using
our prior knowledge of these ensemble spectra and to
define spectral bands that correspond to each individual
batch. However, due to overlaps between the ensemble
spectra at their tails and due to spectral differences from
one NC to another, this approach leads to images that are
difficult to interpret.
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These problems are illustrated in Fig. 5e digitally defined
spectral bands. However, if we go back to the corresponding
spectra (Fig. 5b), they correspond to two different
situations. In case 1, two distinct spectra are present, each
fitting nicely in one predefined spectral band. The multicolor
aspect of the spot truly corresponds to different colocalized
NCs. On the other hand, case 2 corresponds to a single NC
with its spectrum overlapping two spectral bands.

If instead of analyzing the data by predefined bands we
utilize the full X-Y-A data space (or at least at a projection of
this space onto the X-A plane), it is easy to separate NCs
that are indistinguishable spatially (they are colocalized),
but well separated spectrally (Fig. 5¢c, case 1); equally well,
it is possible to separate NCs that have similar spectra but
are well separated in space (> Rayleigh criterion) (Fig. 5d,
case 3). Of course in this process, we are ignoring one
spatial dimension (Y), which may lift the observed
degeneracy in the other dimensions. In conclusion, to fully
take advantage of the spectral variety of nanocrystals, some
new representation and analysis tools are needed, that go
beyond the traditional definition of fixed spectral bands
[80].

Nanometer-Resolution Multicolor
Colocalization

Another very powerful use of NCs in fluorescence
microscopy is taking advantage of their broad excitation
spectrum to improve the resolution of distance
measurements. Let’s consider two spectrally separated
nanocrystal batches, spin-coated on a coverslip and
observed with the dual channel detection path. The perfect
registration of the two channels allows finding out the
precise position of each object in the object plane, by fitting
the theoretical excitation spot to the observed image [81-
83].

It can be shown theoretically, and verified numerically,
that for large enough signal-to-noise ratio, and for large
enough number of pixels, subpixel accuracy in X and Y can
be achieved [81]. In fact, the 2-dimensional fit is even more
efficient that a 1-dimensional fit, because there is only one
extra parameter (the extra center coordinate), while the
number of data points is squared [78]. A crucial ingredient
is that the position and size of each pixel be precisely
known, achievable with a nm-resolution closed-loop piezo
scanner.

As an illustration, Fig. 6 shows a scan of randomly
dispersed nanocrystals, observed in conditions were they
exhibited moderate blinking. A fit of the respective positions
of the overlapping spots gives a distance of approximately
25 nm [42]. The uncertainty in this distance measurement
was calculated using the bootstrap method [84]. It yielded a
final distance of 25 nm and a "2¢” error bar of 13 nm,
comparable to the error bar obtained for non-blinking beads
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[42, 79]. Strong blinking significantly affects the reliability of
the fit, and a careful analysis of the validity of the bootstrap
estimation has in principle to be performed for each blinking
statistics. Assuming a power law distribution, it can be
shown that the error bar remains reasonably small, even
though it is not as good as in the non-blinking case. In any
case, the calculated error bar is of the order of the NCs’
size, and is therefore close to the best achievable
resolution.

Some Examples of Biological Applications
of NCs

We now review a few examples of actual use of NCs in a
biological context. As a matter of fact, this is a burgeoning
field, so that many applications like cell sorting [57],
immunoassays [39,40] or fluorescence in situ hybridization
[85] among many others [86] will only be evoked here. In
addition, we will focus on silanized nanocrystals. Not many
of these applications attain the single molecule sensitivity
level at this point, but there is no fundamental obstacle to
reach this goal in the near future.

Intracellular Staining

The simplest application we can think of is to use these
bright fluorescent probes to illuminate the interior of cells.
Live cells staining using organic dyes is a well established
technique, but unless the cells are loaded with large
amount of dye molecules, the stain will eventually bleach
due to photophysical degradation. As we have seen,
individual NCs have high quantum yields and can emit a
very large number of photons, such that a smaller number
of probes should be needed to get similar results, reducing
the risk of toxicity for the cell. Several methods can be used
to load cells with silanized NCs, but certainly the most
simple one simply consists of incubating the cells in a
medium containing NCs and replacing the medium after a
while to wash out the non-incorporated NCs. Surprisingly,
this works rather well for 3T3 fibroblasts (see Fig. 7), most
likely due to endocytosis of the NCs. In this process, local
invaginations of the cell membrane encompass adsorbed
NCs into vesicles, which possibly release their cargo in the
lysosomes. The exact pathways involved in this uptake
process are under investigation.

This proof of principle experiment shows that cells can
survive a diet of nanocrystals. Some yeast strains and
bacteria do actually much better and synthesize CdS
nanocrystals by themselves when placed in a Cd-rich
medium [87,88] in an attempt to detoxify their growth
medium. The resulting CdS nanocrystals exhibit the same

quantum confinement properties as synthetic ones, but
tend to degrade upon photoexcitation [89-92].

Functionalization

The next step in cell biology is to target NCs to specific
compartments, organelles or molecules. A classical
example of these affinity pairs is the biotin-streptavidin pair.
Biotin (vitamin) is a small molecule, whereas streptavidin is
a 60 kDa protein that can afford to bind up to 4 biotins.
Taking advantage of either the NH, or SH groups left by
amino-propyl silane or mercapto-propyl silane on the surface
of silanized NCs, it is possible to use commercially available
reactive biotin molecules and covalently attach them on the
surface of NCs [57]. The efficiency of biotinylation can be
checked by gel shift assay, whereby the migration of a
sample of free biotinylated NCs under electric field is
compared to that of the same sample mixed with increasing
quantities of streptavidin. Whereas singly biotinylated NCs
migrate up to a certain point as a relatively narrow band,
this band slows down upon addition of streptavidin, which is
a signature of the probe’s activity (attachment to
streptavidin). If more biotins are attached onto each NC
during functionalization, one expects that either several
streptavidin will bind to each single NC, or that a single
streptavidin may cross-link two biotinylated NCs, slowing
down even further the migration of the band in the gel. The
experiments fully confirm this picture and similar strategies
can be used to attach nanocrystals to antibodies or other
molecules, and the same sort of test is used to
demonstrate specificity.

Fixed Cell Labelling

The first example of specific labeling was obtained early
using this simple strategy of biotin functionalization of NCs
as illustrated in Fig. 8 [37]. Using cells that were fixed
(essentially plasticized) and incubated with biotinylated
phalloidin that binds to F-actin filaments, the cytoskeleton
was decorated with biotins. Then streptavidin was added,
and bound to the biotins present on the filaments. The next
step consisted, after rinsing off all the unattached
streptavidins, in incubation with the biotinylated NCs, which
bound to one of the 3 remaining binding sites of the
streptavidins. This type of "sandwich” labeling scheme was
repeated once to increase the signal’s brightness. A
positively charged species of green NCs was added and
turned out to bind preferentially within the nucleus. This
colorful picture is nothing extraordinary for cell biologists
who are used to multicolor, specific staining of different
organelles or molecules with organic dyes, but it was an
encouraging step towards more ambitious goals. In
particular, it was taken using a single excitation source for
both colors simultaneously.
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Fig. 8. Specific actin labeling. Dual-labeled sample
examined with a Bio-Rad 1024 MRC laser-scanning confocal

microscope with an oil immersion objective (NA = 1.3).
Mouse 3T3 fibroblasts were grown on fibronectin-treated,
formvar-coated gold grids, and prepared as described in ref.
[371 Briefly, biotinylated phalloidin was incubated with the
fixed cell to allow for actin recognition. At the same time,
unbiotinylated green NC were added in the detection
medium. Biotin was then detected by streptavidin after
washing out the unbound phalloidin by rinsing. After washing
out the unbound streptavidin, biotinylated red NC were used
to detect streptavidin. This double detection layer
(streptavidin, biotinylated red NC) was applied twice to
increase the contrast. A false-colored image was obtained
with 363 nm excitation and simultaneous two-channel
detection (522DF35 narrow-pass filter for the green, and a
585 nm long-pass filter for the red). Red NCs are clearly
outlining the actin cytoskeleton fibers, whereas the green
NCs have non-specifically bound to the nucleus. Field
dimension: ~100 um. The gold grid can be seen in the
green channel, most likely due to some bleed-through of the
scattered excitation source.

Time-Gated Imaging of Cells

Another domain where NCs have clear advantages over
conventional dyes is the time domain.

We have briefly mentioned above the relatively long
fluorescence lifetime of NCs. Ensemble measurements
show a multi-exponential decay after pulsed excitation,
which gives decay times between 10 and 40 ns [41, 72].
This is much longer than typical dyes or autofluorescent
flavin proteins, which have decay times on the order of a
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few ns. In fact, even without staining, autofluorescence of
several proteins often precludes observation of minute
details if the target is not heavily loaded with many dyes
(which in turn results in phototoxicity problems). If, however,
one takes advantage of the long lifetime of NCs and uses
pulsed laser excitation, it is possible to reject all photons
emitted within the first few ns after the pulse, and keep only
those arriving after all dye or autofluorescent proteins have
emitted there very last photon (time-gated imaging).
Compared to even longer-lived systems like metal-ligand
complexes (us) [93] or luminescent lanthanides (ms) [94],
nanocrystals still allow a repetition rate of a few megahertz
compatible with rapid cell imaging.

In Fig. 9a live 3T3 cells were incubated with silanized
NCs as previously described, and were fixed before
observation. Part of the autofluorescence of the cell is in
fact due to the fixation process. In any case, even if some
bright spots are detectable, it is very hard to distinguish
background from genuine signal. Fig. 9b shows the
processed image after rejecting all photons emitted within
the first 35 ns after each laser pulse, and keeping those
emitted between 35 ns until 65 ns after the laser pulse.
The background has totally disappeared, leaving only a few
bright spots corresponding to the localization of clusters of
nanocrystals. The gain in signal-to-background ratio is 15. In
spite of rejecting valuable photons, a great enhancement in
sensitivity is achieved. It is quite possible that individual
NCs in cells could be detected in this manner.

Since the spectral information is not lost, it should be
possible to combine spectral information with time-gated
detection to localize different NCs in the cell, background-
free. This would be even more efficient in live cells, where
the autofluorescence is reduced.

Gene Physical Mapping Studies

There has been a tremendous effort in the past decade to
decipher the human genome sequence. It is very likely that
many approaches in genetics will become obsolete.
However, many questions will be answered not by a full-
small genome sequencing, but rather by small analysis of
local regions. This is especially true in genetic diagnostics
and studies of genome rearrangement.

Before a more specific discussion is given, we need to
briefly introduce a technique dubbed "molecular combing”.
This method consists, after extraction of the DNA from
cells, in putting it in a buffer solution at pH 5.5, and dipping
in an hydrophobic glass surface. After specific binding of
DNA molecules by their extremities only, removal of the
glass slide out of the solution leads to a gentle stretching of
the molecules by the meniscus, which end-up aligned
parallel to one another [95-98]. Since the meniscus exerts
a constant force on the molecules, they are stretched with a
constant factor, which corresponds to 2000 base pairs (2
kb) per measured micrometer of DNA.
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0-150 ns

Fig. 9. Time-Gated Imaging. a:
Mouse 3T3 fibroplasts were
incubated with NCs as
describe for Figure 7 and fixed
in 2 % formaldehyde, 0.5 %
glutaraldehyde. Observations
were performed with a
homemade confocal
microscope (for details see
ref. [41]). Integration time per
pixel is 10 ms, the lifetime
window being 0-150 ns after
the laser pulse (repetition
rate: 5 MHz): this image is
obtained using all the
detected photons). The ellipse
indicates the location of the
nucleus. b: The same
recording, but retaining only
photons arrived between 35
and 65 ns after a laser pulse.
A marked decrease of the
background is observed, with
a few bright spots clearly
dominating. ¢ and d: Intensity

1500 - . 601

1000 - . 40

500 - 1 20_]\} |
0= - - - - 0> NJ""”J - Y

profiles along the white
dashed line in a and b. The
total signal decreases notably,
1 but the signal to average
background ratio jumps from 3
to 45. Note that part of the
cytoplasm fluorescence is
probably due to NCs too.

This sort of preparation provides a DNA template, with
hundreds of copies of the human genomes per coverslip.
Using standard techniques of DNA hybridization and
fluorescent detection, it was for instance possible to
visually demonstrate deletions of large or small parts of the
genome in some genetic diseases, with a precision of a few
thousand base pairs [98]. The resolution of this
measurement is the best available, and is partly limited by
the stretching factor dispersion, but mainly by the optical
resolution. An increase in resolution would certainly open
new opportunities for discoveries. We have seen how to
break the diffraction limit by taking advantages of the NCs
properties, and showed that we could measure distances of
the order of 20 nm with an accuracy of the order of 10 nm.
This would translate into distances of 40 base pairs and an
accuracy of 20 base pairs.

Steps have been made towards this goal. We have in
particular proven that this hybridization scheme works, as
illustrated in Fig. 10, showing the result of a full A-DNA
biotinylated probe hybridized on A-DNA molecules, and
detected with the streptavidin + biotinylated NC sandwich
approach [57]. There are a few steps remaining to study

small pieces of genome (like transposons, cDNA, inserted
viral sequences, etc). These sequences are of the order of a
few hundred base pairs. Their respective orientation could
conveniently be detected by labeling their ends with NCs of
different colors. Their sizes and distances could be
measured with a precision of about 20 base pairs. This will
probably require using oligonucleotide-functionalized NCs in
order to have end-specific labeling of the studied sequences
[85].

An important application of this approach would arise
from combining this DNA fluorescent tagging with the
colocalization of DNA-binding proteins. This constitutes part
of the next step in the exploration of the human genome:
what do all the expressed proteins do, and how do they
interact? Since proteins tightly regulate the dynamics of
gene expression, it is extremely important to know which
protein participate in this regulation, and if this performed
by DNA binding, what are the binding sites. This could be
possibly assessed using either purely NCs based gene
fluorescence studies (by protein labeling), or a combination
of fluorescence (for DNA) and AFM imaging (for proteins).
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Fig. 10. DNA combing stained with NCs. A-DNA in 50 mM
MES buffer was combed on silanized coverslip as described
in ref. [98]. Biotinylated A-DNA probes were prepared by
random priming and hybridized to the combed DNA as
described [98]. A first layer of streptavidin was used for
detection (20 ug/ml, incubation 20 min at 37 °C), followed
by 3 times 3 min rinsing in 4x SSC (Saline Sodium Citrate),
0.01 % Tween-20. A final layer of biotinylated NC was used
detection (incubation 20 min at 37 C), followed by a series
of 3 rinsing steps in PBS (Phosphate Buffered Saline). The
sample was then mounted in 10 % glycerol in PBS under a
clean coverslip and sealed with nail polish for further
observation. Observation was performed using a standard
epifluorescence microscope (mercury lamp, adapted filter
set), and images acquired using a cooled CCD camera (10
seconds integration time). The observed fiber size
corresponds to the expected stretched A-DNA molecule size
(24 um).

Conclusion and Perspectives

In summary, we have discussed some basic photophysical
properties of fluorescent semiconductor nanocrystals, which
are of interest for their practical use as biological probes,
and provided a few illustrations of actual biological
applications of nanocrystals. While NCs are still far from
being able to fulfill the dream of any biologist, which is to be
able to visualize biological reactions taking place in vivo,
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with the very much needed nanometer resolution, they will
undoubtedly play an important role in cellular studies using
multicolor labeling, high-resolution localization and time-
gated detection.

Nanocrystals will not replace conventional dyes or GFP-
tagged recombinant proteins that have pervaded biology.
They will serve as an additional, perfectible instrument
added to the biologist’s or biophysicist’s toolbox. A number
of studies remain to be done to better understand
photophysical properties of nanocrystals in different
environments, and hopefully improve them, notably as far
as blinking is concerned. Encouraging results in NC’s
functionalization just begin to flourish and this constitutes
one of the most promising research avenues for biological
applications. Finally, their tunability and availability in
different spectral range will certainly require some
technological adaptation in terms of detector technology
and novel instrumentation. In any case, they are very likely
to continue to fascinate physicists, chemists and biologists
for quite some time.
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